This paper presents a conceptual approach toward the remote sensing of cirrus cloud particle size and optical depth using the degree of polarization and polarized reflectance associated with the first three Stokes parameters I, Q, and U for the 0.865 and 2.25 m wavelengths. A vector line-by-line equivalent radiative transfer program including the full Stokes parameters based on the adding method was developed. The retrieval algorithm employs the steepest descent method in the form of a series of numerical iteration procedures to search for the simulated polarization parameters that best match the measured polarization parameters. Sensitivity studies were performed to investigate the behavior of phase matrix elements as functions of scattering angles for three ice crystal size-shape combinations. Overall, each phase matrix element shows some sensitivity toward ice crystal shape, size, and surface roughness due to the various optical effects. Synthetic retrievals reveal that the retrieval algorithm itself is highly accurate, while polarimetric and radiometric error sources cause very small retrieval errors. Finally, an illustrative example of applying the retrieval algorithm to airborne POLDER data during EUCREX is presented.
INTRODUCTION
The importance of cirrus clouds in weather and climate processes has been recognized as a result of numerous observational and modeling studies'4. Several approaches to the satellite remote sensing of cirrus cloud particle size distribution using solar reflectance measured by space-borne multi-spectral radiometers have been developed58. These techniques exploit the spectral dependence of the ice extinction of atmospheric radiation, using measurements for visible and near-infrared wavelengths at which absorption by water vapor and other gases is minimal (the window bands), and at which the scattering and absorption by cloud particles are sensitive to the ice crystal size distribution. While initial success has been claimed by the radiometric approaches, the accuracy of their application to remote sensing data is subject to the uncertainty in surface reflectivity9 and in ice crystal shape10. Based on published analytical works on the behavior of polarized light scattering by ice crystals11, remote sensing of cirrus clouds using polarimetric measurements may complement radiometric approaches in the sense that polarization parameters contain additional information about cloud particle shapes and sizes. Besides, more accurate cirrus cloud retrieval may result from polarimetric retrievals, because the derived parameter, degree of polarization, has a high measurement accuracy on the order of O.2%12.
To explore the potential applicability of cirrus cloud remote sensing using polarimetric sensor data, Takano and Liou'3 and Liou and Takano'4 used the single scattering properties for hexagonal plates and columns, and later a combination of regular and irregular ice particles to interpret the measured • linear polarization pattern of sunlight reflected from optically thick cirrus clouds presented by Coffeen . Using Polarization and Directionality of the Earth s Reflectances (POLDER) measurements of 0.864 m polarized sunlight reflected from cirrus clouds during the European Cloud and Radiation Experiment (EUCREX) 1994 campaign as analyzed and reported by Chepfer et al.16, Liou and Takano'7 demonstrated that information regarding the ice crystal shape and orientation can be inferred from reflected polarization patterns based on comprehensive theoretical interpretations.
In this paper, we present a conceptual approach toward the remote sensing of cirrus cloud particle size and optical depth using the degree of polarization and polarized reflectances for the 0.865 and 2.25 im spectral bands. developed for the computation of polarized radiative transfer involving randomly or horizontally oriented ice crystals in cirrus clouds to interpret the polarization pattern observed from space and to assist the development of remote sensing algorithms. In section 2, we present the theoretical basis for the VLBLE along with the determination of single-scattering parameters and phase matrix elements. We also describe the solution procedure for the retrieval algorithm. In section 3, we show results of the sensitivity study including the behavior of the phase matrix elements as functions of the scattering angle, the variation of polarization parameters with the viewing angle, the verification of the retrieval algorithm by synthetic studies, and an illustrative example of application of the retrieval algorithm to airborne POLDER data.
Concluding remarks are given in section 4.
2.
THEORETICAL DESCRIPTION OF A CONCEPTUAL RETRIEVAL APPROACH
Formulation and modeling of radiative transfer involving polarization
Accurate and reliable cloud remote sensing programs need a detailed and accurate radiative transfer program for the purpose of algorithm development and sensitivity study. The radiative transfer scheme used in this study is based on the adding method including the full set of Stokes parameters developed by Takano and Liou'3 for vertically inhomogeneous atmospheres. Let the Stokes parameter vector be 1= [1, Q, U, V]. Following Liou1, the general equation governing the transfer of diffuse solar radiation intensity may be written in the form: dI(T;,Ø) =I(r;M)-J(,ø)' (1) dr where 1u = cosO, 0 is the zenith angle ,0 is the azimuthal angle, r is the optical depth, and the source function is given by, J(T;1u,Ø)= exp[-r/ji0], (2) where zT is the single-scattering albedo, F0 represents the Stokes vector for the incident solar irradiance, = cosO0, 0o and ç are the solar zenith and azimuthal angles, respectively, where the negative sign of -u denotes the downward direction of the incident solar radiation. Z is the phase matrix defined with respect to the local meridian plane, which is defined by Z(p,Ø;p',Ø')=L(iz -i2)P(e)L(-i1), (3) and the transformation matrix L() is given by where 2' can be either (,r -i2) or -i1, i1 and i2 denotes the angles between the meridian planes containing incident and scattered vectors and the scattering plane, respectively. The transformation matrices are required to rotate the meridian plane containing the incident and outgoing vectors to the scattering plane18. In an anisotropic medium, the singlescattering properties depend on the direction of the incoming and outgoing light beams, which are denoted by (au', and Cu, 0)' respectively, where u' and u are the cosine of the incoming and outgoing zenith angles, and 0' and 0 are the corresponding azimuthal angles. The angles i1 and i2 can then be expressed in terms of u, 0, u' The first and second terms on the right-hand side of Eq. (2) represent contributions from the multiple scattering and the first-order scattering of the incident solar radiation, respectively. To apply the doubling principle for radiative transfer to the solution of the multiple scattering problem involving polarization, we first define the bi-directional reflection matrix R(p, 0, 0') and transmission matrix T(dU, 0, 1u qY) for the light beam incident from above a cloud layer. The reflected and transmitted Stokes parameter vectors for this incident light beam may be expressed in terms of the incident Stokes parameter vectors in the forms:
'out, bottom (o) IfT(,qY, '0 )Iin tOP( ,Ø )ddqY.
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Likewise, we also define the reflection matrix, R*(u, 0; 0'), and transmission matrix, T*(u, 0; 0'), for the light beam incident from below the cloud layer. The reflected and transmitted Stokes parameter vectors may be expressed as:
'out, top 0) = J JT* ( 0;/1" ø')i, bottom (Th
To proceed with the adding principle for radiative transfer in an anisotropic medium, we shall utilize the reflection and transmission matrices defined in Equations (5) through (8) and consider an infinitesimal layer with an extremely small optical depth zlr(e.g., 108). Since the optical depth is so small, only single scattering takes place within the layer. From the fundamental equations for radiative transfer, the analytic solutions for reflection and transmission matrices undergoing single scattering may be derived. Subject to the condition that zili-> 0, we find:
Equations (9) -(12) are in a similar form as the initialization equations for scalar radiative transfer (Equation 6.4.8a, b of Reference 1), except that the phase function term is replaced by the respective phase matrix, Z. During calculation, the phase matrix element Z, is expanded in a Fourier series of the relative azimuthal angle, where each coefficient in the expansion is determined based on the orthogonality property of the trigonometric functions. Subsequently, the doubling procedure is applied to the cloud layer to obtain the layer reflection and transmission matrices, and hence the reflected and transmitted Stokes parameters1. The input parameters required to drive the VLBLE solar radiation model include the spectral wavenumber of interest; solar and viewing zenith angles; relative azimuthal angle; spectral surface albedos; single scattering parameters and phase matrix elements. The output polarization parameters are generated for selected ice crystal mean sizes, optical depths, and Gaussian angles.
Single scattering parameters and phase matrix elements
To simulate cirrus cloud scattering/absorption effects on the radiative transfer, it is essential that reliable singlescattering parameters and phase matrix elements as functions of cloud particle size distribution and scattering angle are pre-computed for input into the VLBLE. Single-scattering parameters include the extinction and scattering coefficients the single-scattering albedo (w), and the asymmetry factor (g). For a spectrum of randomly oriented hexagonal ice crystals, the average extinction and scattering coefficients are obtained from13: fie,s fCes(L) n(L) dL, (13) where Ces(L) j5 the extinction and scattering cross section, n(L) is the ice crystal size distribution in terms of the maximum dimension L, with L1 and L2 being the lower and upper limits of L in the size distribution, respectively. The average single scattering albedo is then obtained as:
D is the width of a crystal that is perpendicular to the maximum dimension L, and b are the empirical coefficients, of which the values are given in Reference 13.
For horizontally oriented ice crystals, the full 16-element scattering phase matrix must be considered. However, based on numerical analyses, we found that the four elements in the upper right and lower left quadrants of the scattering phase matrix are all nearly zero, so that only eight elements remain to be determined. Furthermore, based on the law of reciprocity and symmetric considerations, the number of independent elements in the scattering phase matrix is reduced to six for ice particles randomly oriented in 3D space, and the scattering phase matrix is simplified as'
ii '12 0 0 '2 22 0 0 The expression for each non-zero element in terms of the four amplitude functions, S3, (j = 1 -4) has been given by Liou' ( Equations 5.4.24-25) for an ice crystal of arbitrary shape and size. The scattering phase matrix P is a function of (au, 0, 1u 0') and cannot be defined by the scattering angle e alone as in the scalar radiative transfer theory. As a result, the extinction and scattering cross sections also vary with the direction of the incoming light beam (u 0').
Moreover, for non-spherical ice crystals, the phase matrix elements contain a strong forward peak at O forward scattering angle. The forward scattered energy within scattering angles of 100 produced by the diffraction is about four to five orders of magnitude greater than in the side and backscattered directions. To incorporate the forward peak contribution in multiple scattering, we consider an adjusted absorption and scattering atmosphere, such that the fraction of scattered energy residing in the forward peak is removed from the scattering parameters, which include the optical depth, single-scattering albedo and the asymmetry factor. For a spectrum of ice crystals defined by a size distribution n(L), the phase matrix elements can be obtained from 
Retrieval algorithm
Polarimetric measurements are expressed in terms of the following fundamental parameters: the degree of polarization (P, also termed as the polarization ratio) and polarized reflectance for each measured Stokes parameter (r1, rQ, and re). These parameters are defined as follows:
where I, Q, and U are the Stokes parameters in W/m2/sr4tm, p is the cosine of solar zenith angle, and F0 is the spectral solar constant, which has the dimension of spectral flux. For 0.865 and 2.25 tm bands, F0= 986.23 and 77.18 W/m24tm, respectively. We have neglected the V component in our retrieval algorithm, because results of numerical computation show that its magnitude is always about three orders of magnitude smaller than the other three Stokes parameters.
The degree of polarization, P, has been proposed and defined by Hansen and Travis'9 and Liou'. As the term suggests, it is a measure of the extent of polarization. Based on the design specification for the Research Scanning Polarimeter, for example, measured P exhibits error of O.2%12 due to the cancellation of radiometric error factors in I, Q, and U, of about the same order of magnitude in both the numerator and the denominator. Therefore, among measured polarization parameters, the degree of polarization is the most accurate. The polarized reflectances, r1, rQ, and ru are defined as the respective Stokes parameter multiplied by a factor of itIpF0. The combination of rQ and ru in the form of (rQ2 + rus)½ has been used by Chepfer et al.6 for the interpretation of airborne POLDER polarization data over cirrus cloud. The factor 1u0 is added to normalize the polarized reflectance by the incident solar flux uF0. The factor itis for the conversion of the dimension from flux to radiance, so that the polarized reflectance as it is defined is rendered dimensionless. Given that and F0 are accurately determined, measured polarized reflectances inherit a radiometric uncertainty of -3-5% due to the radiometric calibration error for individual Stokes components. Although these error sources are about an order of magnitude larger than that of P, they are still useful in the remote sensing of cloud properties over inhomogeneous surfaces.
Both P and r are subject to the variation of surface albedo because of the inclusion of the intensity parameter, I, in the formulation of these parameters. Over ocean, multi-angle values of P can be used to retrieve cloud properties with a reasonable accuracy due to the small variation of surface albedo. Over land, it would be difficult to use P values to retrieve cloud properties for optically thin clouds due to the large spatial variation of surface types, which causes a large uncertainty in the prescription of the surface aibdedo in the retrieval algorithm. But as an alternative, rQ, and ru can be reliably used to retrieve cloud properties over land. Retrieval errors due to the uncertainty in surface albedo are removed, because rQ and ru do not depend on the surface reflection, as the perpendicular components in the surface reflected light are cancelled. Incremental search for Dc and r associated with the minimum residual A schematic description of a multi-channel multi-parameter ice cloud retrieval algorithm is given as follows. This retrieval algorithm follows the principle of minimization of residuals in the multi-channel correlation approach for the retrieval of cloud optical depth and mean particle size20'21. Figure 1 shows the flow chart for retrieving the ice crystal effective size and cloud optical depth. Look-up tables of polarization parameters are constructed before proceeding with the retrieval. For a particular ice crystal shape, we select three reference ice crystal mean effective sizes (24, 42, and 124 .tm) and eight optical depths (0. 125, 0.25, 0.5, 1, 2, 4, 8, and 16). Subsequently, we compute the polarization ratio (P) and polarized reflectances (rj, rQ, and ru) for each combination of reference ice crystal mean effective size, optical depth, sensor channel and viewing geometry used for cloud retrieval.
In the retrieval program, we first prescribe the sun-sensor geometric parameters, including the solar zenith angle, the sensor viewing zenith angle, and the relative azimuthal angle for each pixel. We also prescribe the surface albedo, which may be obtained from a histogram of clear reflectances or from the combination of the ecosystem map of surface types and spectral reflectivity library for various types of surface. Because currently available polarimeters often scan a single spot multiple times at different viewing zenith angles, we may include J scattering-angle observations for each pixel in the retrieval algorithm. Thus, counting 2 spectral bands and 4 polarization parameters, each pixel will have 8 x J pieces of observations for the solution of two unknowns, leading to an over-determined system.
The retrieval algorithm employs the steepest descent method22 in the form of a series of numerical iteration procedures to search for the computed polarization parameters that best match the measured polarization parameters. The steepest descent method is an iterative numerical approach which systematically search (in the direction of the largest decrease of the residual function) for the vector of unknowns that is associated with the residual minimum. We define the residual term as where Zi,comp and %meas are computed and measured polarization parameters.
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We specify a first guess for the mean effective particle size (De101) and optical depth (I)• Thereafter, we use a three-dimensional linear interpolation scheme to compute the polarization parameters for the ice crystal mean effective size, optical depth and viewing zenith angle based on entries in the pre-computed look-up tables. We compute the residual functions for combinations of 3 cloud effective particle sizes (D9°' -ADe De°' De°' +ADe )' and 3 optical depths [1] [1] .
('Z -A z-, r , r +Ar ) with prescribed AD(. and A Z We then search for a new set of De and that is associated with the smallest residual among the nine computed values. Subsequently, we repeat the computation of residuals for combinations of the 3 new cloud effective particle sizes (De1' ADe De1 D11 +L\De ) and 3 new optical depths (rt1 r " , z-' +L\ r ). This process of the incremental search for the minimum-residual solution is repeated until successive values of (D', r1) and (D911, r[n+lI ) differ by less than a prescribed threshold value.
SENSITIVITY STUDIES
The behavior of phase matrix elements as functions of scattering angles for different shapes of particles has been widely investigated. For example, Cai and Liou23 used the ray-tracing method to study the polarized light scattering by randomly oriented hexagonal column and plate ice crystals. Takano and Liou3 used an improved ray-tracing program to compute phase matrix elements for four size distributions consisting of randomly oriented hexagonal ice crystals, and compared phase matrix elements with available measurements. Polarized light scattering by randomly oriented spheroids and finite circular cylinders has been computed by Macke and Mishchenko24 and Yang and Cai25. Light scattering by crystals of polyhedral and other irregular shapes has also been explored2628.
Because of the complicated nature of the dependence of polarized parameters to ice crystal size and shape, we start from simulating the radiative transfer within clouds of uniform particle size and shape. Thus, we have chosen three sets of uniform size and shape: regular column with aspect ratio L/D=120160 (tm), irregular (rough surface) column with aspect ratio L/D=120/60 (jtm), and regular plate with aspect ratio L/D=8/80 (jtm), where L is the axial length (maximum dimension in the case of hexagonal column), and D is the diagonal width perpendicular to the axial length. Roughness of the irregular column is incorporated by randomly perturbing the normal of each crystal plane between 0 and 1 8 . The average perturbation angle is 9° and the azimuthal direction of each normal is also randomly distributed. Although we have only prescribed the above three combinations, the scattering characteristics for other ice crystal shapes, sizes, and degrees of roughness can be approximated by one of these combinations. For example, the behavior of polarized light scattering by a bullet rosette can be approximated using that of the regular column. Figure 2 shows the phase matrix elements P11, -P12/P11(degree of linear polarization), P22/P11, P33/P11, P431P11, and P4/P11 as functions of the scattering angle for the three ice crystal models and two spectral bands. The element P11 is the phase function. For the regular column L/D=120/60 (gm), P11 displays a strong 22° halo peak caused by two refractions through a 600 prism angle, a 46° halo peak due to two refractions through a 90° prism angle, and a third peak between 1500 and 1600 resulting from the superposition of rays subject to one and two internal reflections. A less prominent secondary peak also occurs at around 1700, formed by the superposition of rays subject to higher-order reflections. For the irregular column L/D=120/60 (Itm), the magnitude of the 22° halo peak is reduced and the other peaks disappear, because the added surface roughness yields a broad distribution of prism angles rather than only having discrete values at 600 and 900. For the plate, the peaks formed by prism refraction and reflection effects are notable but less prominent than those for the regular column.
Phase matrix elements
For the regular column, there are two local minima of around 22° and 46°, corresponding to the halo features shown in the plot of . Between 1 100 and 1600, there is also a broad peak with magnitude ranging from 0. 1 to 0.2 for the 0.865 tm band, and from 0. 1 to 0.3 for the 2.25 tm band due to combined effects of external and internal reflections. Externally reflected rays with positive degree of linear polarization would have caused a peak at around 800 with magnitude approaching 1 between 60° and 160°. Because of a large number of internally reflected rays with negative degree of linear polarization for scattering angles less than 1 10°, the values of -P12/P11 are reduced to less than 0.1 for scattering angles less than 1100, resulting in the broad peak between 1100 and 160°. For regular plates, the broad peak between 1100 and 160° remains, but the values of -P12IP1 are larger than those for the regular column due to a smaller number of internally reflected rays for scattering angle less than 1100. The element is nearly 1 in the forward scattering direction. It decreases with increasing scattering angle due to the non-sphericity of the ice crystal and the relative strength of external and internal reflections. P22/P11 would be 1 for a spherical particle or for the case where only externally reflected rays are considered. As mentioned above for the regular column, a large number of internally reflected rays interfere with the externally reflected rays at scattering angles less than 1 1O, so that P221P11 is smaller than 1. P22/P11 is closer to 1 for the regular plate than for the regular column, because the strength of externally reflected rays dominates other rays. Oscillation of P221P11 due to various reflection components for the regular column are smoothed out by the surface roughness for the irregular column, so that the curve becomes smooth.
Scttrirg 1rig1 (dg)
The element 331 decreases with increasing scattering angle. It crosses over the zero line at an intermediate scattering angle (e33) because of the phase-shift effect. If only the external reflection is considered, the cross-over angle e33 would be around 600. However, with the superposition of internally reflected rays, e33 is shifted between 1000 and 1200. P331P11 is smaller for the regular plate than for the regular column, because the strength of externally reflected rays dominate internally reflected rays. The curve of P331P11 for irregular columns is smoother than that for regular columns due to the broad angular distribution of scattered rays. The element P431P11 ranges between -0.3 and 0.3. There is a peak near 22° for the regular plate. This peak results from the total internal reflection. The curve of P43/P11 for irregular column is smoother than for regular column due to the broad angular distribution of rays caused by the surface roughness of the irregular column. The element P4/P11 is always larger than or equal to the element P33/P11 Simlar to the behavior of , J1 equals to for a spherical particle or for the case where only externally reflected rays are considered. Thus, the differences between 4I1 and 331result from the nonsphericity of the scattering particle.
Overall, each of the six elements for the two bands shows some sensitivity toward ice crystal shape, size, and surface roughness due to the various optical effects. The diagonal elements (P1k, i = 1 , 4) display larger sensitivity toward ice crystal shape and size in the backscattering range than in the forward scattering range. This behavior is conducive for the remote sensing of ice crystal shape and size parameters, because polarimetric sensors onboard aircraft and satellites mostly measure radiation in the backscattering direction during mid-day flight or overpass. The surface roughness only smooths out the peaks of the diagonal elements. The off-diagonal elements (P12 and P43) in the backscattering direction are more sensitive to particle surface roughness than to shape and size.
Polarization parameters
Figures 3(a) (0.865 ltm) and 3(b) (2.25 im ) show r , rQ and polarization ratio (P), versus viewing zenith angle for three ice crystal mean effective sizes (De 24, 42, and 124 tim) and three optical depths (r= 0.25, 2, and 10). The three ice crystal mean effective sizes are derived based on measured composite ice crystal size distribution21, assuming randomly oriented regular columns. The sun-sensor configuration is consistent with the April 17 EUCREX morning case reported by Chepfer et al.'6. The solar zenith angle is fixed at 55.3 0 The relative azimuthal angle is either 0 °or 1800, because the sun is directly behind the aircraft. The viewing zenith angle is the viewing angle relative to satellite nadir, and its negative and the positive signs correspond to the backward and forward directions, respectively. The surface albedo is assumed to be zero. The parameter r is invariably zero for this sun-sensor geometry and is not shown.
The bidirectional reflectance r1 increases with increasing optical depth, but decreases with increasing ice crystal size. The 0.865 tm r is more sensitive to optical depth, while the 2.25 tm r1 is more sensitive to ice crystal size. The prominent peak at 0 57° for both bands results from the ice glory peak in the backscattering direction. The parameter rQ for both bands is more sensitive to optical depth in the backward direction than in the forward direction. The minima at 0 57° in rQ results from a minimum in the degree of linear polarization -P12/P11 at a scattering angle e= 178°( as shown in Fig. 2) , and its magnitude increases with the optical depth, but decreases with larger particle size, and is larger for the 0.865 m band. For the present case, P is actually the absolute value of the ratio of rQ to r since r iszero. Its magnitude decreases with increasing optical depth, but increases with the ice crystal size in the backscattering direction. The peak near 100 is caused by the minimum value of r1 at that angle, and the peak at -57° is due to the combined effect of the peak in r1 and the minima in rQ. In addition, the polarization ratio is not sensitive to the ice crystal size for viewing angles greater than 30° corresponding to scattering angles greater than 156°. 3.3 Verification and application of the retrieval scheme To verify the retrieval scheme, and to assess effects of radiometric and polarimetric uncertainties on the retrieval accuracy, we perform three types of synthetic tests: algorithm accuracy test, radiometric accuracy test and polarimetric accuracy test. For the algorithm accuracy test, simulated polarization parameters without perturbation for all combinations of reference effective particle sizes and optical depths are treated as measured data and input into the retrieval program. Radiometric error (5%) and polarimetric error (0.2%) are separately added to the simulated polarization parameters to test their accuracies, and the perturbed polarization parameters are input into the retrieval program. To explore the advantage of increased scattering angle information, retrievals using multiple viewing zenith angles [J = 1 -4 in Eq. (21)] are performed.
The algorithm accuracy test yields zero errors for all combination of reference effective particle sizes and optical depths and for all combinations of viewing zenith angles, implying that the algorithm using the steepest descent method is highly accurate and numerically stable. Nearly zero retrieval errors are also obtained from the polarimetric accuracy test, indicating errors in the polarization ratio based on representative instrument design would not deteriorate the retrieval performance. On the other hand, radiometric accuracy test yields errors of 0 to 0.7 tm in retrieved effective particle size, and errors of 0 to 0.8 in retrieved optical depth.
To illustrate the effectiveness of our retrieval scheme, we construct a 2D correlation diagram between the polarization ratio, P, and the bidirectional reflectance, r1, for the previously defined wavelengths, ice crystal shapes, and sizes. In Figure 4 , we present preliminary results for the plate case for a solar zenith angle of 55.3°, a viewing zenith angle of 3O0 corresponding to a scattering angle of 95°, and a surface albedo of 0.0. The solid lines represent constant ice crystal size in terms of the mean effective width (size), De, while the dashed lines represent constant optical depth. There is a strong sensitivity of polarization ratio to effective ice crystal size. Our previous work3 illustrates that P increases with decreasing length-to-width ratio, LID (L is the length and D is the width) for a range of scattering angles from 60° to 1200. The mean effective size D 5 inversely proportional to LID so that if De increases, the polarization ratio increases. Also displayed in these diagrams are the correlation of 0.865 tm P and r derived from the POLDER data obtained in the morning on 17 April 1994 over Brittany, France, during EUCREX. These measurements were provided by Chepfer et al. 16 and presented in Figure 1 ' The data were taken over the thicker portion of a single layer of cirrus located between 8 and 10 km. The viewing angles for the data are between -25° and -35°, which correspond to scattering angles of 100° and 90°, respectively. Application of these data to the retrieval scheme leads to an optical depth of about 4 and a mean effective width of about 45 jtm. Similar 2D correlation diagrams for the polarization ratio and bidirectional reflectance can be constructed for solidlhollow columns or irregular ice particles for shape and sizing studies.
CONCLUDING REMARKS AND FUTURE RESEARCH
In this paper, we present a conceptual approach toward the remote sensing of cirrus cloud particle size and optical depth using the degree of polarization and polarized reflectances associated with the first three Stokes parameters I, Q, and U for the 0.865 and 2.25 jtm wavelengths. For the purpose of simulating the clear and cloudy polarization parameters and performing a sensitivity study of the retrieval algorithms, we have developed a vector line-by-line equivalent radiative transfer program including the full Stokes parameters based on the adding method.
Single scattering parameters and phase matrix elements were computed for randomly oriented hexagonal ice crystals. The retrieval algorithm employs the steepest descent method in the form of a series of numerical iteration procedures to search for cloud properties that correspond to the simulated polarization parameters that best match the measured polarization parameters.
Sensitivity studies were performed to investigate the behavior of phase matrix elements as functions of scattering angles for three ice crystal size-shape combinations. Overall, each phase matrix element shows sensitivity toward ice crystal shape, size, and surface roughness due to various optical effects. In particular, the diagonal elements display larger sensitivity toward ice crystal shape and size in the backscattering range than in the forward scattering range. We also investigated the variation of polarization parameters with the viewing zenith angle. We found that polarization parameters are sensitive to optical depth for all viewing zenith angles. The parameter r1is sensitive to particle size in the backscattering direction, while the parameters rQand P are sensitive to particle size in the side scattering direction. Preliminary synthetic retrievals reveal that the retrieval algorithm itself is numerically stable and precise, and the polarimetric and radiometric error sources cause reasonably small retrieval errors.
Finally, an illustrative example of application of the retrieval algorithm to airborne POLDER data is presented. Reasonable values of cirrus cloud particle size and optical depth are obtained. With its initial success, the polarimetric remote sensing approach obviously can be further refined. For example, look-up tables of polarization parameters can be expanded to include additional spectral bands (e.g. 0.67, 1 .2, 1 .38, and 1 .6 im bands) and ice crystal shapes (e.g. aggregates, and hollowed columns). We will also perform validation using polarization/reflectance and in-situ data from the recent Cirrus Regional Study of Tropical Anvils and Cirrus Layers -Florida Area Cirrus Experiment (CRYSTAL-FACE) experiment. 
